Using background-free detection of spin-state-dependent resonance fluorescence from a single-electron charged quantum dot with an efficiency of 0.1%, we realize a single spin-photon interface where the detection of a scattered photon with 300 picosecond time resolution projects the quantum dot spin to a definite spin eigenstate with fidelity exceeding 99%. The bunching of resonantly scattered photons reveals information about electron spin dynamics. High-fidelity fast spin-state initialization heralded by a single photon enables the realization of quantum information processing tasks such as non-deterministic distant spin entanglement. Given that we could suppress the measurement back-action to well below the natural spin-flip rate, realization of a quantum non-demolition measurement of a single spin could be achieved by increasing the fluorescence collection efficiency by a factor exceeding 20 using a photonic nanostructure.
Using background-free detection of spin-state-dependent resonance fluorescence from a single-electron charged quantum dot with an efficiency of 0.1%, we realize a single spin-photon interface where the detection of a scattered photon with 300 picosecond time resolution projects the quantum dot spin to a definite spin eigenstate with fidelity exceeding 99%. The bunching of resonantly scattered photons reveals information about electron spin dynamics. High-fidelity fast spin-state initialization heralded by a single photon enables the realization of quantum information processing tasks such as non-deterministic distant spin entanglement. Given that we could suppress the measurement back-action to well below the natural spin-flip rate, realization of a quantum non-demolition measurement of a single spin could be achieved by increasing the fluorescence collection efficiency by a factor exceeding 20 using a photonic nanostructure.
Optical excitations of an electron spin confined in selfassembled quantum dots (QD) have favorable selection rules that allow for recycling trion transitions where the scattered photon polarization is strongly correlated with the electron spin-state [1] . Realization of a spin-photon interface in the spirit of what has been recently realized for trapped ions [2] however, suffers from the fact that the background excitation laser scattering from the solid-state interfaces and defects overwhelms the QD resonance fluorescence. While single QD resonance fluorescence has been recently observed by several groups [3, 4] , the reported experiments did not demonstrate a complete suppression of the background in a chargecontrolled QD that is essential for the realization of a spinphoton interface.
In this Letter, we demonstrate background-free detection of single QD resonance fluorescence (RF) with an efficiency of 0.1%. We show that detection of a single photon, resonantly scattered on the charged-exciton (trion) resonance, projects the QD spin to a state where the spin is pointing along the external magnetic field (| ↑ ) with a conditional initialization fidelity of 99.2%. Our results constitute a first step towards the realization of non-deterministic spin-photon [2] and spinspin entanglement [5, 6] schemes. Given that we operate in a regime where measurement back-action in the form of spinflip raman scattering rate is weaker than the natural spin-flip rate induced by exchange coupling to a fermionic reservoir, our results also constitute a first step towards quantum nondemolition (QND) measurement [7] of a single solid-state spin. We estimate that either by identifying QDs with a small heavy-light-hole mixing [8] or by embedding a QD in a two dimensional photonic crystal structure [9] or a micro-cavity [10] , it will be possible to realize a QND measurement.
The experiments are carried out with self-assembled InGaAs QDs embedded in a Shottky diode heterostructure which enables deterministic loading of electrons from a nearby Fermi sea separated by a 35 nm thick blocking barrier. The sample is studied using a diffraction limited confocal * These authors have contributed equally to this work. A single QD is addressed using a laser that is tuned into resonance with its fundamental exciton or trion resonance. An external magnetic field B is applied in the Faraday configuration. Absorption measurements are performed by detecting the transmitted photons using a photo-diode placed underneath the sample. Scattered photons are collected through an optical fiber and detected using an avalanche photo-diode (APD). A zirconium solid immersion lens (SIL) is used to improve the QD collection efficiency. and is circularly polarized. The selection rules are relaxed by the ground state mixing due to hyperfine interaction of the electron with the nuclei and by the heavy-light-hole mixing, resulting in weak diagonal transitions with rate γ. For the experiments reported here at B = 1T the branching ratio γ γ+Γ is measured to be ∼ 4 × 10 −3 and is most likely determined by a small in-plane (external) magnetic field component mixing the electron spin states. Due to the interaction with the electrons in the Fermi sea, electron spin flip events occur with a co-tunneling rate κ ↑↓ ; this rate can be tuned by more than 6 orders of magnitude from 10 7 s −1 to about 10 1 s −1 by changing the gate voltage [11] .
To determine the transition energies of the QD differential transmission (DT) measurements are carried out, where the transmitted field is recorded with a photo-diode under the sample. In the experiments presented here, we have only addressed the higher energy (blue) trion transition | ↑ ↔ | ↑↓⇑ with a resonant laser field; provided that B > 0.2T, excitation of the | ↓ ↔ | ↓↑⇓ transition can be safely neglected. In the middle of the single electron plateau the DT signal disappears at B = 1T since in this gate voltage regime the rate of the laser induced spin pumping into | ↓ state far exceeds the co-tunneling rate κ ↑↓ , resulting in high fidelity preparation of the electron in the | ↓ state within several microseconds [12] . At the plateau edges, high co-tunneling rate ensures the randomization of the electron spin population. The broadening of the absorption lineshape for gate voltages where the DT signal starts to disappear is due to dynamical nuclear spin polarization [13] .
RF is detected by collecting the emitted QD photons through the focussing objective (NA = 0.55) and a single mode fiber to an APD in the Geiger mode. A linear polarizer that is placed before the collection fiber and oriented orthogonal to the reflected laser polarization extinguishes the reflected laser photons by a factor exceeding 10 6 while eliminating only half of the circularly polarized RF photons. This high level of polarization extinction was possible by ensuring that the deviations from linear polarization in the excitation and collection paths are minimized. Fig. 2(a) shows the RF signal as the gate voltage is scanned along the dashed line in Fig 1(b) with an excitation laser power 10 times below the QD saturation. The deviation of the RF lineshape from the expected Lorentzian is most likely due to the nuclear spin polarization [13] , since we observe that for B = 0, the RF lineshape has a perfect Lorentzian lineshape. At the gate voltage when the laser is on resonance with the | ↑ ↔ | ↓↑⇑ transition, the ratio of the RF counts to the total photon counts is 0.996 ± 0.001. Taking into account the branching ratio, the fidelity of our conditional state initialization is 0.992 ± 0.001. Based on measured RF counts (∼ 500, 000/sec) at B = 0T for a laser power above QD saturation and using the measured trion lifetime of ∼ 1nsec, we estimate an unprecedented overall QD RF col- lection efficiency of ∼ 0.1%. Fig. 2(b) shows a typical time trace of the APD counts integrated for 200 ns per point as the gate voltage in Fig. 2(a) is kept constant for resonant excitation. Whereas at a given time the absence of a photon detection provides almost no information about the electron spin-state, detection of an APD electrical pulse means with a confidence level of 99.2 % that the electron is in the | ↑ state. Moreover, we can locate the electron spin projection event onto the | ↑ state associated with each photon count to within 300psec of the arrival of the APD pulse; this projection time uncertainty is limited only by the jitter in the rise-time of the APD pulse.
We study RF count statistics by performing second order correlation (G 2 ) analysis. We first note that the RF photon correlations at short time-intervals exhibit the hallmark photon antibunching signature of a single quantum emitter (Fig. 2(c) ). Fig. 2(d) shows the unnormalized photon correlation G 2 (τ ) curve obtained from ∼ 60, 000 time traces such as the one shown in Fig. 2(b) . Since laser photons follow Poissonian statistics with a flat G 2 (τ ) curve, the bunching behavior around τ = 0 is a signature of RF photons, revealing information about the spin-flip dynamics. The decay of G 2 (τ ), fitted to an exponential function with the decay time τ decay = (540 ± 40) ns, provides a direct measurement of the | ↑ lifetime. As we discuss below, for the laser power used in this experiment, the laser induced spin decay rate is (4.4µs) −1 and the spin lifetime is almost exclusively determined by co-tunneling processes. Given our collection efficiency and the measured spin lifetime, we estimate that the probability that we detect a photon while the electron is in | ↑ state is ∼ (2.0 ± 0.2)%. By varying the laser intensity the efficiency of spin-state detection can be improved to about 10%; this enhancement comes at the expense of an increase in the laser background such that only 98.6% of the detected photons originate from the QD RF.
In order to prove that the G 2 (τ ) decay time is indeed a measure of the spin lifetime, we perform an n-shot measurement [14] of the laser induced spin decay time in the middle of the single electron plateau where the co-tunneling rate is negligible and compare the result to the G 2 (τ ) measurements. The scheme of an n-shot measurement cycle is depicted in the inset of Fig. 3(a) . In these n-shot spin measurements, a linearly polarized laser on resonance with the | ↑ ↔ | ↑↓⇑ transition is switched on and over a time window of micro seconds the RF counts are saved with 200 ns integration time per data point. To undo spin-pumping that arises from the spin-measurement back-action in the form of spontaneous spin-flip Raman scattering into the | ↓ state, we apply a gate voltage pulse that first ejects the electron from the QD and then injects a new electron with a random spin. Repeating this cycle ∼ 10, 000 times at a laser power of P sat = 3nW corresponding to QD saturation , we obtain the exponentially decaying n-shot curve depicted in Fig. 3(a) (black points) with the decay time of (860 ± 20)ns. The decay time of G 2 (τ ) obtained with the same laser power and at the same gate voltage is (840 ± 40)ns and is in good agreement with the n-shot measurement at the corresponding laser power (Fig. 3(a) (red points) ). The laser induced decay rates are expected to be proportional to the trion population, which in turn is proportional to the RF counts. The measured decay times of (480 ± 30)ns, (860 ± 20)ns and (4.4 ± 0.2)µs from the n-shot measurements at laser powers 10P sat , P sat and 0.1 · P sat agree well with the expected ratio of 1 : 2 : 10 (data not shown). Fig. 3 (b) ,(c) show G 2 (τ ) measurements from another QD performed at two different gate voltages at the edge of the single electron plateau. In this regime the spin life time is determined by the cotunneling processes and the decay of the curves reveals the dependence of the cotunneling rate on the gate voltage.
The realization of a spin-photon interface constitutes a key step towards implementation of quantum information processing protocols such as non-deterministic spin entanglement between distant spins. Even though elimination of laser background through polarization suppression in our scheme results in the loss of correlations between the spin-state and the emitted photon polarization, the fact that the photons emitted by the two spin-states have different energies ensures that by driving both the red and the blue trion transitions resonantly with a π-pulse, we could generate the entangled spin-photon
As was demonstrated by Monroe and co-workers [6] for two trapped ions, such entangled spin-photon states generated from two distant QDs could be used to achieve spin entanglement conditioned upon coincidence detection of one blue-trion and one red-trion photon at the output of a Hong-Ou-Mandel interferometer. We emphasize that in the non-deterministic entanglement experiments using trapped ions, the entanglement fidelity was primarily limited by the detector dark counts that were ∼ 20% of the signal photons: these considerations highlight the significance of the factor of 20 improvement in the fluorescence to background photon ratio we have achieved in our experiments, as compared to prior work [14] . The principal challenge in realization of the distant QD spin-entanglement scheme is the identification of two QDs with similar enough trion resonances. Even if the two QD trion resonance energies are not exactly identical, it is possible to generate identical QD photons by off-resonant Rayleigh scattering [27] . On the other hand, nearly identical QD pairs that can be tuned onto resonance using the gate-voltage-induced dc-Stark shift have already been identified in other experiments [15] . More importantly, demonstration of two-photon interference of singlephoton pulses generated by two different QDs has also been demonstrated [16] . Locking of trion resonances to the resonant laser field via dynamical nuclear spin polarization could be used to ensure that the electron Zeeman splitting of the two QDs are rendered identical [13] .
The background-free spin-photon interface that we have realized could be considered as a non-deterministic method for ultra-fast conditional spin-state initialization with high fidelity. The deterministic methods for spin-state preparation rely on optical pumping where a fidelity exceeding 99% could only be achieved on a timescale ∼ 10µs for Faraday [12] and ∼ 10ns for Voigt geometry [17] . In contrast, detection of a single resonance fluorescence photon in our case prepares the spin state with the same level of initialization fidelity on a timescale limited only by the detector response time [28] . For the APD's we have used, this timescale is 300ps; however with faster single-photon detectors, it would be straightforward to achieve a timescale of 40 ps. Given the ultra-short T * 2 ∼ 2nsec characteristic of electron spins in self-assembled QDs [11] , fast spin-state initialization is important for protocols relying on preparation of the spin in a superposition state. We also predict that fast spin initialization could be useful in carrying out conditional electron spin resonance (ESR) measurements [18] without the need for a pulsed microwave source; we envision here that the detection of a photon initializes the electron spin in the spin-up state, which then undergoes Rabi oscillations under the influence of the continuouswave resonant microwave field. The likelihood of detecting a second photon at a time τ later will oscillate with this Rabi coupling, such that photon coincidences at time delay τ will reveal information about coherent spin rotation.
From a quantum measurement perspective, our experiments realize a positive operator valued measure (POVM) with measurement operatorsÊ 1 [19] . For the parameters of Fig. 2 , the probability p 1 0.02 for a measurement time of ∼ 0.5µs, but can be increased to 0.1 as mentioned before. If the collection efficiency and the excitation laser power were increased such that p 1 ∼ 1.0 was achieved, our scheme would constitute a single-shot QND measurement of the electron spin. We estimate that such a spin measurement [20] is within reach using our scheme. Collection efficiencies from microcavities have been predicted to be as high as 35% [21] . One possibility is to use QDs coupled to gated photonic crystal microcavities that are engineered for high collection efficiency [22, 23] . We predict that such structures could give up to a factor of 15 improvement in the overall collection efficiency. In addition, given the observation that a sizeable fraction of QDs have vanishing in-plane heavy-hole g-factors [8] , it is plausible to expect much smaller spin-flip spontaneous emission rate from the trion state γ, as compared to what we observed in our experiments. A smaller branching ratio will reduce the laser back action allowing a non-demolition measurement to be performed on a longer time scale, and hence with better efficiency. By combining the above two factors, achieving a factor of more than 20 improvement in the measurement efficiency p 1 necessary for a single-shot QND measurement appears feasible.
A particularly exciting possible extension for the spinphoton interface demonstrated here is for a double-QD system consisting of a gate-defined and a self-assembled QD [24] . It has been shown that in a coupled-QD system, optical transitions in a neutral QD could be used to monitor the spin-state of a single-electron charged QD [25] . If realized, a double QD spin-photon interface along the lines we describe in this Letter could be used to generate distant spin entanglement between two gated QDs. Another interesting extension is the implementation of our method in a single-hole charged QD where the positively-charged trion transition selection rules are identical to the ones we considered [26] ; because of the larger T * 2 -time of the hole spin, distant hole-spin entanglement protocol would be easier to verify experimentally.
